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Introduction
A growing body of evidence suggests a common etiology for Alzheimer's disease (AD) and cardiovascular disease [1] [2] [3] [4] [5] . The E4 isoform of apolipoprotein E (ApoE) is involved in cardiovascular and cerebrovascular disorders and is the most prevalent risk factor for late onset or sporadic AD. ApoE facilitates transportation and metabolism of cholesterol and triglyceride in cells throughout the body [6, 7] , promotes the normal metabolism of cholesterol by the liver, and aids in building and repairing neuronal processes in the brain as well as in the periphery [6] [7] [8] [9] . The genotype appears to be a determinant of brain amyloid-β (Aβ) burden in AD patients [10] .
ApoE4 transgenic mice are appropriate models for studying the pathogenesis and preclinical treatment of ApoE-related cognitive deficits associated with late onset AD [11] . They express human ApoE4 in glia and/or neurons in the brain depending on the promoter driving expression and exhibit accountable cognitive impairments and cerebrovascular and neuronal pathology [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
An important factor in the pathogenesis of AD is hypoperfusioninduced oxidative stress, which is caused by disturbed cerebral blood flow (CBF) [22] . AD patients exhibit decreased oxygen levels in the vasculature [23] [24] [25] . Many studies finding chronic cerebral hypoperfusion in mild cognitive impairment (MCI) and AD have concluded that it is an initiator of the reduced supply of oxygen [8, [24] [25] [26] [27] [28] [29] [30] . This suggests that low blood flow is a prominent feature of the brain during chronic hypoxia/hypoperfusion and possibly an initiating factor during the development of AD [2, [27] [28] [29] 31, 32] .
The AD brain is characterized by the impairment of energy metabolism, indicating mitochondrial dysfunction [22, 29, 33, 34] . These metabolic defects are present before AD symptoms develop in ApoE ε4 homozygotic patients [35, 36] . In addition, it has been well documented that reduced resting global CBF is associated with cardiovascular diseases such as atherosclerosis, post-ischemic insult and heart failure (HF). A study by Alves and coworkers suggests that coexistence of blood flow reductions in HF patients with the functional deficit in these regions is relevant to the pathophysiology of the cognitive impairments presented by HF patients [37] . De la Torre proposed that advanced aging, along with a comorbid condition such as a vascular risk factor that further decreases cerebral perfusion, promotes a critically attained threshold of cerebral hypoperfusion [1] . Studying the effect of aging as a main reason for chronic brain hypoperfusion (CBH) in oxidative stress induced cerebrovascular lesions and their relationship to MCI and AD could uncover the ultimate pathogenic mechanisms that lead to AD. We have previously shown that atherosclerotic lesions are associated with mitochondrial DNA deletions in brain microvessel endothelium and amyloid angiopathy in human AD [23] , aged transgenic mice overexpressing amyloid beta precursor protein (AβPP) [34, 38] , and twovessel occlusion rat models of CBH [39] . These studies suggest that cerebrovascular pathology may play a crucial role in predisposition to stroke and possibly MCI and AD [27] [28] [29] .
Our previous studies found that treating aged rats with the selective mitochondrial antioxidants acetyl-L-carnitine (ALCAR) and R-alpha-lipoic acid (LA) restores cognitive performance and abolishes oxidative stress induced structural changes in brain parenchymal cells (neurons, vascular wall cells and glia) [40, 41] . The effect of aging on CBF and brain parenchymal cell ultrastructure and the potential for treating these abnormalities by using selective mitochondrial antioxidants have not yet been fully explored. In the present study, we used the vascular dementia paradigm in ApoE4 mice to analyze the effects of the selective mitochondrial antioxidants treatment with ALCAR and LA on CBF, neuropathology, brain and vessel ultrastructural abnormalities, and behavior.
Materials and methods
For the blood flow and ultrastructural studies, Glial Fibrillary Acidic Protein (GFAP)-ApoE4 transgenic and wild-type C57BL/6 control mice were obtained from the Jackson Mouse Colony (Jackson, FL, USA). The GFAP promoter drives the expression of ApoE cDNA in glia, primarily in astrocytes. The ApoE4 transgenic mice express no mouse ApoE and are on a C57BL/6 background. Animals were housed in 12 h dark/light conditions and had unlimited access to food and water. All experimental procedures were performed according to NIH and International Guidelines for the use of animals in research, and appropriate protocols were approved by the relevant institutional committees. Six week-and six-and twelve-month-old (n = 12/group) ApoE4 and wild-type C57BL/6 control mice were used for the blood flow study.
Cerebral blood flow measurement
Age-dependent effects of ApoE4 on CBF were measured using [14C] iodoantipyrene autoradiography in conjunction with a mathematical algorithm [42] . Measurement of regional blood flow (rBF) was determined by a [14C] -iodoantipyrene (IAP, New England Nuclear) autoradiography technique modified for mice and described earlier by us [42, 43] . This method measures local CBF by combining an intraperitoneal tracer with a single blood sampling from the heart. Mice were anesthetized by a halothane gas mixture (2% in 30/70% O 2 and NO 2 ), and then injected with IAP in normal saline (2.5 µCi in 200 µl) intraperitoneally. 60 s later the mice were frozen in liquid nitrogen and stored at − 80°C. Brains and hearts were dissected in a cryotome (− 20°C). Brains were thin-sectioned at the levels of atlas plate 13, 30 and 69 and then placed on glass slides. The slides were placed on Amersham Hyperfilm β-Max autographic film along with calibrated standards (Amersham [14C] Micro-scales, RPA 504 and RPA 511) and then exposed for 3 months [42] . The films were digitized using a BIOQUANT image analysis system (R & M Biometrics, INC) and background corrected. Optical densities were converted to nanocuries per gram using standard curves generated from the standards. The blood flow was calculated from the images and a reference blood sample using the equation below:
Reference blood samples were prepared by pipetting 100 µl samples taken from the heart into a scintillation vial and then adding 15 ml of scintillation fluid (Aquasol, NEN Res. Products, DU PONT). After mixing, vials were counted on a γ-scintillation counter (dpm).
ALCAR and LA treatment
The Gladstone Institute, University of the California at San Francisco, provided Neuronal Specific Enolase (NSA)-ApoE4 transgenic mice for behavioral studies. These transgenic mice also are on a C57BL/6 background and have no mouse ApoE expression. Sevenmonth-old ApoE4 transgenic mice were randomly divided into two groups (n = 4/group): control and treated (0.2% ALCAR in drinking water and 0.15% dexlipotam, a tris-salt of LA, which is equal to 0.1% LA) as described by our group elsewhere [40] . Wild-type C57BL/6 mice without treatment were used as controls. Mice were subjected to Morris water maze testing at age 12 months (following 5 months of treatment), again at 22 months (following 15 months of treatment) and to a Peak procedure test at age 13 months (after 6-7 months of treatment). At the end of the final cognitive tests all animals were perfusion fixed as described previously [31] for electron microscopic ultrastructural analysis, by using in situ hybridization techniques for mitochondrial DNA overproliferation determination, and deletion and immunogold decoration by using antibodies for protein immunoreactivity determination.
Morris water maze test of spatial memory
The Morris water maze task tests spatial memory by requiring mice to find a submerged platform in a pool of water using external visual cues as described previously [40, 44, 45] . The time required for an individual mouse to find the platform was measured using a digital camera and a computer system to record movement (Columbus Instruments, VideoMex-V). Trials (4 consecutive days, 4 trials/day) were with the same hidden platform location, but with varied start locations. On day 5, the platform was removed from the pool for a probe test, (60 s) and the time spent at the actual site where the platform was previously located was recorded. On day 6, the time required to reach a visible platform was measured to determine visual function and motor ability [40] . In the reversal test, the platform was moved to the opposite quadrant of the previous test (4 trials/day and 120 s/trial).
Peak procedure test of temporal memory
Temporal memory, as assessed by the peak procedure, measures the function of the internal clock, learning process, attention, and exploratory behavior [40, 44, 46, 47] . Mice were tested in 18 identical boxes that contain a light source and a speaker (for delivering light or noise signals) and a lever that dispenses single food (45 mg) pellets when pressed (BioServ mix T101). Prior to the test, the food supply was decreased to 85% of the free-feeding amount. In this test the animal is rewarded with one pellet only if the lever is pressed within Fig. 1 . Regional blood flow in 6-week-old mice. ApoE4 is associated with decreased regional blood flow.
40 s from the signal. In 20% of the tests no food was given, an empty trial, and the signal lasted 195 s plus a geometrically distributed duration that averaged 50 s. The results are presented as a sum of the two types of tests. The Peak rate, the maximum response rate in a given trial and a reflection of mouse choices and their motivation, was measured.
Perfusion fixation and ultrastructural analysis
Tissues from normal, non-transgenic wild-type C57BL/6 control mice and GFAP-ApoE4 transgenic mice were prepared at 6 weeks, 6, months and 12 months (n = 6 for each age group) and 22 months (n = 4 for each aged group: ApoE4 treated, ApoE4 non-treated and non-treated control wild-type mice) [31, 43] . All animals received a standard laboratory diet ad libitum. Mice in the treatment group received the standard diet plus water enriched with ALCAR + LA (0.2% ALCAR in drinking water and 0.15% dexlipotam, a tris-salt of LA, which is equal to 0.1% LA). Wild-type C57BL/6 mice without treatment were used as controls. The duration of the experiment was 22 months. Mice, under terminal anesthesia, were perfusion fixed via the heart as described previously [31, 39] . Tissues were processed for future analysis by EM and in situ hybridization for cytological detection of mtDNA. In situ hybridization was performed using human (normal and Δ5 kb deleted) and mouse specific probes as described previously [22, 31, 38, 48] . Finally, all the sections were exposed to OsO 4 for 1 h at RT, rinsed, dehydrated and flat embedded in Spurr's embedding media. Ultrathin sections were stained with uranyl acetate and lead citrate and viewed in a JEOL 100CX, Jeol 1200 or Jeol 1230 EX electron microscopes at 80 kV.
Statistical analysis
The statistical analysis for the data obtained from this study was performed using one way ANOVA with Newman-Keuls' post hoc tests or Student's t test as well as two-way ANOVA (F test). SPSS for Windows was used for the analyses.
Results

Blood flow
Compared to WT mice, CBF (mean ± SD, ml/g/min) was significantly lower (p b 0.05) in ApoE4 6-month (0.68 ± 0.21 vs. 0.98 ± 0.23) and 12-month (1.06 ± 0.09 vs. 1.54 ± 0.12) groups (see Fig. 1 ). ApoE4 6-week old mice had lower CBF (0.63 ± 0.15) compared to WT mice (0.82 ± 0.15) but the difference was not significant (Fig. 1) . Our findings indicate for the first time that ApoE4 reduces CBF gradually to create brain hypoperfusion when compared to WT and that differences in CBF reduction are greatest as animals age from 6 to 12 months (Fig. 2) .
Ultrastructural analysis
In general, a heterogeneous morphology characterized the ultrastructure of the brain cellular compartments from young and old wildtype C57BL/6 control and ApoE4 transgenic mice (Figs. 3-6 ). Brain tissues from young and old ApoE4 mice were distinguished by proliferation of abnormalities in the ultrastructure of brain microvessels and neurons (Figs. 3 and 6) , in contrast to wild-type control mice, which generally lacked these abnormalities. Lipid granules in the cytoplasm of perivascular cells (Fig. 3) and neurons occasionally distinguished old from young wild-type mice.
Age-associated microvascular abnormalities characterized ApoE4 mouse brain tissue. "Vascular stress" reactions were early markers of endothelial damage (Fig. 4) . Destructive changes were present in the cytoplasm of perivascular nerve terminals (Fig. 4) and in hippocampal neurons and glial cells.
In contrast to age-matched ApoE4 mice (Fig. 5 ), brain microvessels from 22 months old wild-type mice were characterized by minimal changes including edema in the cytoplasm of vascular endothelium and perivascular cells and occasionally the perivascular spaces. Nearly all mitochondria showed intact morphology. ApoE4 mouse microvessels display dystrophic changes in the vascular endothelium and the presence of amyloid-like precipitates in the perivascular area and large vacuolar degenerative structures. Microvessels with atherosclerotic changes appeared to be permanent features of ApoE4 brain microvessels. Free lipid droplets in the cytoplasm of perivascular foam cells were abundant and characteristic of ApoE4 mouse brain. The dystrophic changes, especially mitochondrial, were predominately in the cytoplasm of vascular EC.
Ultrastructural features of age-associated neuronal mitochondrial changes in ApoE4 mice were similar to our previous observations in human AD [22, 38, 48, 49] , yeast artificial chromosome mice overexpressing of AβPP [31] , and 2-vessel occlusion model of brain hypoperfusion [39] . We demonstrated that the majority of the changes in neurons affected by age and/or disease occurred in the cell body but not in axonal or dendritic regions of the neurons [39, 48, 50] . Mitochondria-derived lysosomes associated with lipofuscin appeared to be the main feature of mitochondrial damage in aged ApoE4 mice (Fig. 6) .
Occasionally, hippocampal neuronal cell bodies in old C57BL/6 control mice mitochondria had transitional, minimal changes in their ultrastructure, such as intra-mitochondrial edema and electron-dense matrices (data not shown). The mitochondrial abnormalities, including the presence of giant mitochondria, clusters of mitochondria with electron-dense matrices (ED), mitochondria with partially and/or completely damaged cristae, and mitochondria with membrane disruptions were present throughout hippocampal and cortical areas (Fig. 6) ; however, a majority of neurons showed mitochondria with intact morphology, lacking visible and/or obvious ultrastructural alterations. Double membranes surrounding lysosomal or vacuolar degenerative structures indicate that these aberrant structures derived from mitochondria (Fig. 6) [23, 31, 34, 38, 51] . The ED mitochondria were close to the perinuclear region of the cell body. ApoE4 mice treated with ALCAR + LA showed significant reductions in abnormal features in the mitochondria and more normal (intact) mitochondria similar to the morphology of young ApoE4 mice. Additionally, myelin-like structures with osmiphilic granules in mitochondrial matrices were occasionally seen (data not shown).
Neurons in the hippocampus of young and especially old ApoE4 mice were typically characterized by a range of mitochondrial alterations, although some mitochondria still show intact morphology. However, mitochondrial lesions (i.e., broken cristae, edema in the matrices, and mitochondria-derived lysosomal structures surrounded by double membranes) appeared to be permanent features of these neurons. Other characteristics of old ApoE4 hippocampi were giant mitochondria and lipofuscin and/or lysosomal structures with osmiphilic electron-dense matrices that often occupied much of the neuronal cell bodies. Treated ApoE4 mice showed patterns of mitochondrial recovery similar to those seen in our previous study of aged rats; the ALCAR + LA supplementation diet not only eliminated the mitochondrial damage, but also prevented the formation of lipofuscin and/or myelin-like structures in neurons [51] . The majority of mitochondria in nearly all neurons in old treated ApoE4 animals were healthier and seldom displayed lipofuscin granules in the cell bodies. In situ hybridization data showed that the majority of the mitochondria did not exhibit a positive signal for wild and/or deleted mtDNA (data not shown). Neuronal cell bodies from treated ApoE4 mice showed significantly fewer giant mitochondria. Treated ApoE4 hippocampal neurons generally lacked mitochondrial ultrastructural abnormalities, and most of the mitochondria appeared to be intact or with few alterations.
Spatial memory
The animals were tested during a 6-day period (4 swim trials/day and 120 s/trial) after having received 10 days of training (4 trials/day and 60 s/trial). The first test at about 12 months of age showed no difference between wild-type and ApoE4 control (untreated) animals. The treated mice, however, required a shorter time to find the hidden platform, compared with the wild-type and untreated transgenic animals (Fig. 7) . The difference was not statistically significant, though there was a trend towards improvement. In a reversal test, the treated mice also performed better than the control animals in the first 4 days (Fig. 8) , though again, without achieving statistical significance. The second test was carried out when the animals were 22 months old ( Fig. 9 ). We found a statistically significant difference in cognitive function between wild-type and ApoE4 mice, and also an improvement with treatment. Treatment significantly prevented the decline of cognitive function, as shown in Figs. 9 and 10 . In a reversal test, the treated animals found the target platform in a much shorter time than the untreated ApoE4 mice (Fig. 8) .
Temporal memory
The peak performance procedure distinguished no difference between wild-type and ApoE4 mice (Figs. 10 and 11) . Nevertheless, the 6-7-month treated mice had a higher response rate than the control animals (untreated ApoE4) mice suggesting the treatment slowed the temporal memory impairment (Fig. 10) . The second test for temporary memory at age 22 months old was not carried out because of the extensive time requirements (about 2 months including a prior food restriction) and quick deterioration of health at old age. To avoid this problem, the authors suggest starting the peak procedure test at age 19-20 months (12-13 months of treatment) and then performing the Morris water maze test at age 21 months.
Discussion
The E4 allele of the human ApoE gene, which has previously been associated with increased risk of cardiovascular disease, is the bestvalidated susceptibility gene to date, with more wide spread effects than any other genetic factor implicated in the late-onset, sporadic form of AD [52] . The E4 protein differs from those produced by the other common ApoE alleles only at two amino acids, 112 and 158. ApoE3 and ApoE2 have cysteines at one or both positions respectively whereas the ApoE4 allele encodes arginines at both positions. The change in charge alters its intra-domain interactions and molecular configuration [53] modifying its interactions with other molecules including lipids, receptors and cellular organelles. Our study for the first time demonstrates that ApoE4 reduces CBF gradually to create brain hypoperfusion when compared to WT and the differences in CBF are greatest as animals age from 6 weeks to 12 months. The structural damage of vascular wall cells, especially in their mitochondria, most likely plays a key role in the generation of reactive oxygen species [54] resulting in oxidative damage to neuronal cell bodies [22, 38, 48, 51] , and therefore induces the brain pathology that appears to be a hallmark of AD [31, 39, 43, 48, 51, [55] [56] [57] [58] [59] [60] . Transmission electron microscopy and colloidal gold immunocytochemistry showed that structural damage in young and aged microvascular endothelium of ApoE4 animals extends to the matrices of perivascular cells, perivascular nerve terminals, and to hippocampal neurons and glial cells. This evidence provides a basis for further examination of a role of ApoE4 in producing the age-dependent brain pathology seen in AD. Further examination of ultrastructural degeneration caused by aging, especially under hypoxic conditions, will likely contribute to our understanding of neurodegenerative etiology and indicates a new avenue of development for novel prophylactic and treatment strategies. 
